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ABSTRACT 

The problem cons idered  w a s  t h e  development of  methods t o  

mathematical ly  model major t e r r a i n  features f o r  a n  autonomous 

surface v e h i c l e  guidance system. The t e r r a i n  informat ion  

a v a i l a b l e  w a s  r es t r ic ted  t o  d a t a  t h a t  could be measured by t h e  

v e h i c l e ' s  t e r r a i n  senso r ,  which w a s  assumed t o  provide range 

r ead ings  f o r  s p e c i f i e d  va lues  of  azimuth and e l e v a t i o n  angles .  

T e r r a i n  i n d i c e s  were developed t o  process  t h e  senso r  

measurements. The purpose of t h e s e  i n d i c e s  is  t o  enable  t h e  

v e h i c l e  t o  d i r e c t l y  o r  i n d i r e c t l y  d e t e c t  major t e r r a i n  f e a t u r e s  

t h a t  r e p r e s e n t  an obstacle t o  t r a v e l .  Modeiing methods were 

t hen  cons t ruc t ed  f r o m t h e  i n d i c e s  t o  provide a sys t ema t i c  means 

of modeling t h e  t e r r a i n . ,  

Simulated senso r  measurements were obtained by us ing  t h e  

geode t i c  survey map of a r e l a t i v e l y  h i l l y  p o r t i o n  of t e r r a i n .  

The s imula ted  senso r  da ta  was t h e n  used t o  e v a l u a t e  t h e  effec- 

t i v e n e s s  of t h e  modeling methods. The e f f e c t i v e n e s s  of a 

p a r t i c u l a r  method w a s -  p r imar i ly  def ined  i n  terms of t h e  per- 

cen tage  of pas sab le  t e r r a i n  t h a t  could be de t ec t ed  and t h e  

e r r o r  i n  range due t o  ove res t ima t ing  t h e  d i s t a n c e  t o  a t e r r a i n  

o b s t a c l e .  

It i s  concluded t h a t  i t  i s  f e a s i b l e  t o  model major t e r r a i n  

f e a t u r e s  f o r  a 

board computer 

were developed 

v e h i c l e  guidance system w i t h  only  a modest on- 

requirement .  Three a l t e r n a t i v e  modeling methods 

t h a t  are a p p l i c a b l e  t o  r e l a t i v e l y  rough t e r r a i n .  
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The method chosen for a particular situation would depend on 

the modeling effectiveness desired and the sensor and computer 

capability available. 
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I. INTRODUCTION 

The problem under cons ide ra t ion  i s  t h e  mathematical  

modeling of major t e r r a i n  f e a t u r e s  us ing  l i n e - o f - s i g h t  sensor  

measurements acquired from a s i n g l e  t e r r a i n  l o c a t i o n .  This  

i n v e s t i g a t i o n  i s  p a r t  of an o v e r a l l  Nat ional  Aeronautics and 

Space Adminis t ra t ion sponsored s tudy  of a s u r f a c e  veh ic l e  con- 

t r o l  system f o r  t h e  unmanned exp lo ra t ion  of Mars. It i s  

assumed t h a t  t h e  e x p l o r a t i o n  veh ic l e  w i l l  have t o  t r a v e l  a 

cons iderable  d i s t a n c e ,  perhaps a hundred k i lometers  o r  more, 

from i t s  i n i t i a l  l anding  s i t e  t o  one o r  more remote l o c a t i o n s  

t o  complete i t s  mission. The veh ic l e  i s  considered t o  be oper- 

a t i n g  independent of E-arth-based c o n t r o l  o r  o the r  o r b i t i n g  

s a t e l l i t e s .  Thus, t h e  guidance s y s t e m  must be se l f - con ta ined ,  

and i t  must be capable of process ing  t e r r a i n  information and 

making a path s e l e c t i o n  dec i s ion .  

The path selected should not  only lead  t h e  veh ic l e  toward 

i t s  o b j e c t i v e ,  bu t  a l s o  should provide a s a f e  path of t r a v e l  f o r  

t h e  veh ic l e .  I f  t h e  veh ic l e  should encounter a t e r r a i n  hazard,  

t h e  mission could end i n  f a i l u r e .  Thus, t h e  guidance system 

must be a b l e  t o :  I ) .  avoid s h o r t  range o b s t a c l e s  t h a t  r ep resen t  

an  immediate danger t o  t h e  s a f e t y  of t h e  v e h i c l e ,  and 2 ) .  se lect  

a long range path around major t e r r a i n  f e a t u r e s  t h a t  o b s t r u c t  a 

d i r e c t  and safe r o u t e  t o  t h e  ob jec t ive .  This  r e p o r t  deals 

s p e c i f i c a l l y  with t h e  t e r r a i n  model requi red  t o  perform long 

range path s e l e c t i o n .  
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A number of pa th  s e l e c t i o n  algori thms (Ref. 1,2) have 

been developed which can be used f o r  long range v e h i c l e  guidance. 

I n  o r d e r  t o  u t i l i z e  t h e s e  a lgor i thms,  however, t h e  t e r r a i n  must 

be modeled wi th  r e s p e c t  t o  t h e  o b s t a c l e s  t h a t  are i n  t h e  v i c i n i t y  

of  t h e  v e h i c l e  l o c a t i o n .  The t e r r a i n  model required i s  two 

dimensional i n  na tu re  and s i n p l y  d e s c r i b e s  t h e  d i s t a n c e  a 

v e h i c l e  can t r a v e l  before  encounter ing an o b s t a c l e  i n  a series 

of discrete  azimuth d i r e c t i o n s .  A sample t e r r a i n  model i s  

p i c t o r i a l  represented  i n  Figure 1. 

B a s i c a l l y ,  t h e r e  are t h r e e  main steps t h a t  must be performed 

by a t e r r a i n  modeling system, namely: 

a) T e r r a i n  Data Acquis i t ion  

b) T e r r a i n  Data Processing 
c 

c )  T e r r a i n  Model Generation 

Sec t ion  I1 d e a l s  s p e c i f i c a l l y  with t e r r a i n  d a t a  a c q u i s i t i o n .  

Since s p e c i f i c a t i o n s  of a sensor  t o  acqu i r e  t e r r a i n  d a t a  have 

not  been def ined ,  t y p i c a l  long range sensor  measurements a r e  

s imulated t o  i n d i r e c t l y  determine some gene ra l  sensor  measure- 

ment c h a r a c t e r i s t i c s .  The sensor  d a t a  s imula t ion  i s  performed 

by assuming var ious  v e h i c l e  l o c a t i o n s  on a geodet ic  map, and 

then  conver t ing  topographic  information i n t o  sensor  d a t a ,  i . e . ,  

range measurements f o r  s p e c i f i e d  values  of azimuth and ele- 

v a t i o n  angles .  

I n  Sect ion 111, a number of i n d i c e s  are developed t o  pro- 

cess t h e  sensor  t e r r a i n  d a t a  i n  o rde r  t o  detect  t h e  presence 

of a t e r r a i n  o b s t a c l e .  The t e r r a i n  ind ices  are combined i n  
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FIGURE 1. Terrain Model 
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S e c t i o n  IV t o  provide s e v e r a l  sys temat ic  methods t o  genera te  a 

t e r r a i n  model. The simulated sensor  d a t a  is  then  used t o  

e v a l u a t e  t h e  e f f e c t i v e n s s  of t h e  modeling methods. The e f f e c t i v e -  

ness  of  a method i s  p r imar i ly  def ined i n  terms of  t h e  per-  

cen tage  of  passable  t e r r a i n  t h a t  can be de t ec t ed  and t h e  e r r o r  

i n  range due t o  overes t imat ing  t h e  d i s t a n c e  t o  a t e r r a i n  

o b s t a c l e .  Then, some gene ra l  sensor  measurement requirements 

are descr ibed  i n  t e r m s  of t h e  e f f e c t i v e n e s s  of t h e  modeling 

methods. 
. ?  

11. TERRAIN SIMULATION 

A .  Sample T e r r a i n  

There are fou r  gene ra l  t e r r a i n  c h a r a c t e r i s t i c s  t h a t  

s i g n i f i c a n t l y  e f f e c t  a v e h i c l e ' s  performance ( R e f .  3 , 4 , 5 ) .  

These c h a r a c t e r i s t i c s  a r e :  

a) surface composition 

b)  s u r f a c e  geometry 

c) vega ta t ion  s t r u c t u r e  

d )  hydro logic  g e m e t r y  

P r e s e n t l y ,  . t h e r e  i s  r e l a t i v e l y  l i t t l e  known about 

t h e  s u r f a c e  cond i t ions  on Mars. From t h e  gene ra l  i n f o r -  

mation t h a t  i s  a v a i l a b l e ,  t h e r e  i s  no evidence of vega- 

t a t i o n  o r  s i g n i f i c a n t  amounts of water present .  The su r -  

face composition i s  a matter of specu la t ion .  Considering 

t h e  s u r f a c e  geometry, it is  est imated ( R e f .  6) t h a t  s lopes  

of major t e r r a i n  f e a t u r e s  gene ra l ly  vary between 0 and 30 

degrees ,  and t h a t  over h a l f  of t h e  s l o p e s  are less than  

-10 degrees .  
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Thus, t h e  surface geometry i s  t h e  only t e r r a i n  cha rac t e r -  

i s t i c  which w i l l  be considered i n  t h i s  s tudy  as con- 

s t i t u t i n g  an  o b s t a c l e  t o  t r a v e l .  

For t h e  purposes of  long range t e r r a i n  modeling, a 

s l o p e  of a major t e r r a i n  f e a t u r e  equal  t o  o r  g r e a t e r  than  

10 degrees  w i l l  be def ined as an  o b s t a c l e .  Slope, i n  i t s  

c lass ical  sense ,  i s  def ined as t h e  angular  d e v i a t i o n  of a 

surface . -  from t h e  h o r i z o n t a l ,  measured perpendicular  t o  

t h e  topographic  contours .  Slope so  def ined  can be 

measured from a contour map. A major t e r r a i n  f e a t u r e  i s  

def ined as an a r e a  t h a t  i s  s i g n i f i c a n t l y  l a r g e r  than  t h e  

dimensions of  t h e  exp lo ra to ry  v e h i c l e  ( R e f .  7 ) .  The 10 

degree s lope ,  as t h e  d e f i n i t i o n  of an o b s t a c l e ,  w a s  some- 

what a r b i t r a r i l y  chosen, and i t  may even be considered 

conse rva t ive  with respect t o  t h e  climbing c a p a b i l i t i e s  of 

proposed exp lo ra to ry  veh ic l e s .  I n  j u s t i f i c a t i o n  of  t h i s  

o b s t a c l e  d e f i n i t i o n ,  i t  should be kep t  i n  mind t h a t  an 

exp lo ra to ry  v e h i c l e  may encounter adverse s o i l  condi t ions  

o r  some unknown element t h a t  could s u b s t a n t i a l l y  reduce 

t h e  v e h i c l e ' s  climbing c a p a b i l i t i e s .  

Slope was t h e  only s u r f a c e  geometry f a c t o r  con- 

s i d e r e d  as a t r u e  obs t ac l e .  Such f a c t o r s  ( R e f .  4,8,9,10)  

as s l o p e  segments, spacing and s i z e  of v e r t i c a l  o b s t a c l e s ,  

t e r r a i n  approach ang le s ,  e tc .  a r e  p e r t i n e n t  t o  s h o r t  

range t e r r a i n  modeling and w i l l  not  be discussed f u r t h e r .  
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A geode t i c  map ( R e f .  11) was used t o  r e p r e s e n t  a 

sample t e r r a i n  and was t h e  sou rce  of  e m p i r i c a l  t e r r a i n  

d a t a  f o r  t h e  t e r r a i n  modeling techniques  developed. The 

map s e l e c t e d  r ep resen ted  a s e c t i o n  of  h i l l y  t e r r a i n  near  

t h e  Catsk i l l  r e g i o n  i n  New York S t a t e  w i t h  a scale of 

1:24000 and a contour  i n t e r v a l  of 10 feet .  The s l o p e s  of  

major t e r r a i n  features va r i ed  between 0 and 30 degrees ,  

whereas t h e  s l o p e s  of t y p i c a l l y  encountered t e r r a i n  

features va r i ed  between 0 and 15 degrees .  Th i s  s l o p e  
. -  

v a r i a t i o n  i s  somewhat comparable t o  t h e  va lues  f o r  Mars 

r e f e r r e d  t o  ear l ier .  

Seve ra l  s i g n i f i c a n t l y  d i f f e r e n t  geometr ica l  t e r r a i n  

c o n f i g u r a t i o n s  were s p e c i f i c a l l y  analyzed i n  d e t a i l  i n  

t h e  hope t h a t  t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n  would be 

a p p l i c a b l e  t o  a v a r i e t y  of  t e r r a i n  s i t u a t i o n s .  

t h r e e  areas s e l e c t e d  are l i s t e d  below wi th  a br ief  descr ip-  

t i o n  of  t h e i r  s a l i e n t  features ,  as seen  from t h e  

assumed p o s i t i o n s  of t h e  v e h i c l e .  The s e c t o r s  are 

i n d i c a t e d  i n  F igu res  2 and 3 .  

The 

Area 1: The v e h i c l e ' s  vantage po in t  i s  on t h e  summit 

of a h i l l  ( r e fe rence  map g r i d  coord ina te  16420962;y). The 

v e h i c l e  i s  s i g h t i n g  east  a c r o s s  a v a l l e y  toward a r i d g e  

l i n e .  A 35 degree s e c t o r  of t e r r a i n  w a s  considered (see 

* The f i rs t  f o u r  d i g i t s  refer  t o  t h e  east-west g r i d  l i n e s ,  and 
t h e  l a s t  f o u r  d i g i t s  refer t o  t h e  north-south g r i d  l i n e s .  
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. SCALE 124 000 

FIGURE 2. Area 1 of the Sample Terrain 
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FIGURE 3 .  Areas 2 and 3 of t h e  Sample Terrain 
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Figure  2 ) .  

Area 2:  The v e h i c l e ' s  vantage po in t  i s  on a g e n t l e  

r ise  ( re ference  map g r i d  coord ina te  14601673). The 

v e h i c l e  i s  s i g h t i n g  north-northwest toward r e l a t i v e l y  

minor h i l l s  and v a l l e y s  scattered through t h e  area. A 50 

degree s e c t o r  of  t e r r a i n  was considered (see Figure  3 ) .  

Area 3 :  The v e h i c l e ' s  vantage po in t  i s  on a g e n t l e  

rise. ( re ference  map g r id  coord ina te  14601673). 

i s  s i g h t i n g  north-northwest toward a r e l a t i v e l y  high moun- 

tagnous area. A 50 degree s e c t o r  of t e r r a i n  was considered 

(see Figure  3 ) .  

The veh ic l e  

I n  a d d i t i o n  t o  t h e  areas descr ibed above, o t h e r  

selected p r o f i l e s  of t e r r a i n  were a l s o  considered,  such as 

from a v a l l e y  l o c a t i o n  s i g h t i n g  ac ross  a f l a t  area towards 

a mountainous reg ion ,  and from t h e  summit of a h i l l  s i g h t -  

i n g  toward a v a l l e y .  

B. T e r r a i n  Data Acqu i s i t i on  

T h e , a c q u i s i t i o n  of d a t a  by a t e r r a i n  sensor  on t h e  

v e h i c l e  was simulated by making measurements on t h e  geo- 

d e t i c  map i n  t h e  areas decr ibed above. 

Three types  of sensor  measurements , i.e.', azimuth 

angle ,  e l e v a t i o n  angle  and range, are assumed t o  be a v a i l -  

a b l e ,  from which a l l  t e r r a i n  information must be obtained.  

The azimuth angle  (0) r e p r e s e n t s  t h e  angle  t h e  t e r r a i n  

sensor  i s  d i r e c t e d  i n  t h e  h o r i z o n t a l  plane of t h e  veh ic l e .  



Angles of 8 w i l l  be measured with r e fe rence  t o  some con- 

venien t  azimuth d i r e c t i o n ,  e .g . ,  g r i d  nor th  on t h e  geodet ic  

map is  The e l e v a t i o n  angle  ( p )  i s  t h e  angle  t h e  

senso r  i s  d i r e c t e d  i n  t h e  v e r t i c a l  plane of t h e  veh ic l e .  

Oo. 

Angles of w i l l  be measured with r e fe rence  t o  t h e  

h o r i z o n t a l  plane a t  t h e  v e h i c l e ' s l o c a t i o n ,  with angles  

above t h e  h o r i z o n t a l  considered p o s i t i v e .  The range (R) 

i s  the d i s t a n c e  t h e  sensor  can measure along t h e  l i n e  of 

s i g h t  t o  a t e r r a i n  f e a t u r e .  The angles  8 and p are 

ad jus t ed  a t  t h e  v e h i c l e  and thus  are independent v a r i a b l e s ,  

whereas R is  a dependent v a r i a b l e .  It i s  assumed t h a t  

va lues  of  R can only be measured a t  d i scre te  increments 

of  0 and .p , and t h a t  t h e  s i z e  of t h e s e  d i s c r e t e  

increments i s  a c h a r a c t e r i s t i c  of t h e  sensor  which must 

be s p e c i f i e d  . 
I n  o rde r  t o  s imula t e  t h e  t e r r a i n  d a t a  which t h e  

v e h i c l e  would r ece ive  from a p a r t i c u l a r  vantage p o i n t ,  

va lues  of d i s t a n c e  and r e l a t i v e  a l t i t u d e  (2) were measured 

d i r e c t l y  from t h e  geodet ic  map f o r  a f ixed  va lue  of 

azimuth angle  (e) .  From t h i s  information,  t e r r a in  pro- 

f i l e s  o f a l t i t u d e  v s .  d i s t a n c e  p l o t s  were cons t ruc ted  

f o r  each va lue  of 0 as i l l u s t r a t e d  i n  F igure  4 .  

The procedure used t o  o b t a i n  s imulated sensor  d a t a  

was t o  assume a sensor  range measurement, R,  t o  a po in t  

on t h e  t e r r a i n  p r o f i l e .  Then t h e  corresponding e l e v a t i o n  
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angle ,  p , could be c a l c u l a t e d  from 

s i n  = z (2.1) 
R 

Figure  5 i s  t h e  corresponding P-R p l o t  f o r  t h e  t e r r a i n  

p r o f i l e  presented i n  Figure 4 .  The po in t s  a long t h e  con- 

t inuous  ,&R curve are t h e  discrete  sensor  data  t h e  v e h i c l e  

would r e c e i v e  i n  t h e  absence of measurement e r r o r s .  It 

is  qoted t h a t  i f  a r e a s  of t h e  t e r r a i n  p r o f i l e  were hidden 

from t h e  v e h i c l e ' s  view, t h e r e  would be a corresponding 

discont inuous h o r i z o n t a l  segment on t h e  -R p l o t ,  as 

i l l u s t r a t e d  i n  F igures  4 and 5. 
P 

Sensor measurements were a l s o  compiled i n  t h e  form of 

held cons t an t .  The po la r  
with P e vs.  R p o l a r  p l o t s ,  

p l o t  can  be cons t ruc ted  from e i t h e r  t h e  -R p l o t s  taken 

i n  a series of  azimuth d i r e c t i o n s  o r  d i r e c t l y  from t h e  

geodet ic  map u s i n g  templates  graduated i n  Z and R f o r  

f ixed  va lues  of p . The e - R  po la r  p l o t s  are u s e f u l  i n  

d e t e c t i n g  major t e r r a i n  formations but  are only i n d i r e c t l y  

related t o  t h e  s lopes  of t h e s e  t e r r a i n  formations.  

F igure  6 is  a 0 - R  po la r  p l o t  acquired with p f ixed  a t  a 

P 

s m a l l  p o s i t i v e  value.  The areas labe led  with a C were 

r e l a t i v e l y  clear of  high t e r r a i n  formations,  i . e . ,  no 

t e r r a i n  f e a t u r e  w a s  sensed i n  t h e  ranges considered. Con- 

v e r s e l y ,  t h e  areas labe led  A , B , D  and E corresponded t o  

r e l a t i v e l y  high t e r r a i n  formations.  



13 

e 

FIGURE 6 .  8 vs .  R Sensor Measurement P o l a r  P l o t  

= 3( 



14 

C. C h a r a c t e r i s t i c s  of  Sensor Measurements 

Sensor measurements of t h e  sample t e r r a i n  were pre- 

dominantly compiled i n  t h e  form of p-R p l o t s .  

p l o t s  were found t o  be more u s e f u l  t han  t h e  €?-R p l o t s  f o r  

ana lyz ing  t h e  sensor  d a t a  and developing t e r r a i n  modeling 

techniques s i n c e  they y ie lded  information d i r e c t l y  

related t o  t h e  s lope  of t h e  t e r r a i n  a long  a p r o f i l e .  The 

P-R p l o t s  were prepared i n  azimuth increments ( A  8 ) 

of 5 degrees  f o r  t h e  areas of t h e  map descr ibed above. A 

These 

a _  

t o t a l  of 35 such p l o t s  were drawn. Since t h e  P - R  p l o t s  

were acquired from var ious  types  of t e r r a i n  conf igu ra t ions ,  

ce r t a in  senso r  measurement c h a r a c t e r i s t i c s  were deduced 

from t h e  d a t a .  

A range of 400 fee t  from t h e  v e h i c l e  w a s  t h e  minimum 

value  f o r  which u s e f u l  empi r i ca l  d a t a  could be obtained 

from t h e  geodet ic  map due t o  t h e  l a c k  of  s u f f i c i e n t  con- 

t o u r  in format ion  i n  t h e  proximity of t h e  assumed v e h i c l e  

l o c a t i o n s .  The veh ic l e  l o c a t i o n s  were s p e c i f i c a l l y  

chosen so as n o t ’ t o  be i n  areas of l a r g e  contour 

v a r i a t i o n  s i n c e . t h e  purpose of t h e  guidance system i s  t o  

keep t h e  v e h i c l e  away from such areas. Due t o  t h e  l a c k  

of s h o r t  range contour information,  sensor  measurements 

o f t e n  had t o  be approximated when R w a s  less than  400 

feet .  Thus, any conclusions drawn from t h e  simulated 

t e r r a i n  d a t a  only p e r t a i n  t o  t e r r a i n  a t  ranges g r e a t e r  

than  400 fee t  from t h e  veh ic l e .  
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The maximum f e a s i b l e  range f o r  modeling t h e  sample 

t e r r a i n  w a s  chosen as 4000 feet  s i n c e  t h e r e  were i n s u f f i c i e n t  

sensor  measurements a v a i l a b l e  t o  t h e  v e h i c l e  a t  g r e a t e r  

range va lues .  F igure  7 i s  a h is torgram of t h e  number of  

sensor  measurements acquired from 35 p-R p l o t s  (Af3 = .005 

r ad ian )  as a f u n c t i o n  of t h e  range a t  which t h e  measure- 

ments were sensed. Nearly 90% of t h e  d i scre te  sensor  

measurements were sensed a t  ranges of less then  3500 fee t .  

The maximum value  of f 3  needed t o  acqu i r e  sensor  

information w a s  .073 r a d i a n  (4.2 degrees) .  Approximately 

80% of t h e  sensor  measurements were acquired f o r  va lues  of 

io = - +.030 r a d i a n  (1.8 degrees) .  For a l l  va lues  of 

encountered, s m a l l  angle  approximations were c e r t a i n l y  

v a l i d .  A t y p i c a l  use of t h i s  approximation was i n  t h e  cal-  

c u l a t i o n  of ,& from t h e  t e r r a i n  p r o f i l e  measurements u s ing  

Z 
p =  ii 

111. TERRAIN DATA PROCESSING 

The t e r r a i n  d a t a  i n  t h e  form of a se t  of sensor  measure- 

and e i  must be processed t o  y i e l d  information on ments R i ,  

t h e  presence o r  absence of a t e r r a i n  o b s t a c l e  ( s lope) .  Each 

t e r r a i n  index t h a t  i s  presented processes  t h e  sensor  measure- 

ments i n  a p a r t i c u l a r  manner t o  y i e l d  a numerical  q u a n t i t y  

which i s  compared t o  an index t e s t  number. The t e s t  of t h e  

numerical  q u a n t i t y  i s  made t o  de tec t  t h e  presence of a t e r r a i n  
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o b s t a c l e .  

R sensor  information la vso 
A l l  of  t h e  t e r r a i n  i n d i c e s  use 

t h a t  can be acquired along f ixed  azimuth d i r e c t i o n s  (ej ). It 

i s  assumed t h a t  t h e  sensor  can acqu i re  success ive  range measure- 

ments (R) a long  an  azimuth d i r e c t i o n  f o r  i n c r e a s i n g  va lues  of 

e l e v a t i o n  angle  ( ). Thus, R w i l l  be a monotone i n c r e a s i n g  

f u n c t i o n  a long  a t e r r a i n  p r o f i l e  i n  a l l  cases of i n t e r e s t .  
P 

A. Slope Index 

A c a l c u l a t i o n  of t h e  l i n e a r  approximation t o  t h e  s l o p e  

a long  a t e r r a i n  p r o f i l e  i s  made. The s l o p e  along a pro- 

f i l e  i s  def ined  as t h e  in-pa th  s lope  (SI ) and i t  is 

der ived  i n  t h e  Appendix i n  t e r m s  of  sensor  measurements. 

The formula f o r  SI i s  

SI = P2R2-  p lR1 
R2 - R 1  

R 1  and p2, R2 denote success ive  P 1, where t h e  q u a n t i t i e s  

measurements of e l e v a t i o n  angle  and range f o r  a f ixed  

azimuth. General ly ,  P2 w i l l  be equal  t o  p l +  A?. The 

11 I t  numbers 1 and ."2" denote  t h e  f irst  and second measure- 

ments of any p a i r  of  cons t an t  azimuth readings .  

The s l o p e  index compares t h e  c a l c u l a t e d  value of SI 

a g a i n s t  t h e  index t e s t  number, T,, by a s c e r t a i n i n g  i f  t h e  

i n e q u a l i t y  
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is  sat isf ied.  If i t  is ,  then  R1 i s  taken  a s  t h e  est imated 

j* 
range t o  an  o b s t a c l e  a long  t h a t  p a r t i c u l a r  az imuth ,@ 

I n  t h e  t e s t i n g  done, Tswas taken  as t a n  100. 

A s  t h e  s i z e  o f  A,& used t o  acqu i r e  t e r r a i n  i n f o r -  

mation i s  inc reased ,  t h e  c a l c u l a t e d  va lue  of Si t e n d s  t o  

y i e l d  a lower estimate of t h e  t r u e  s lope .  I n  t h i s  case 

t h e  l i n e a r  approximation of t h e  s l o p e  i s  n e c e s s a r i l y  

made over a longer  segment of t h e  t e r r a i n  p r o f i l e .  
* .  

Thus, i f  a l a r g e  va lue  of Ap i s  used, i t  may be necessary 

t o  use  a lower value of Ts i n  o rde r  t o  avoid l o c a l  s lopes  

which would exceed 10 degrees .  

The index would be of  l i t t l e  m e r i t  i f  R corresponded 1 
t o  a d i f f e r e n t  t e r r a i n  f e a t u r e  than  R2 . 
t h e  c a l c u l a t e d  value of SI 

I n  t h i s  ca se ,  

would then  only r ep resen t  t h e  

s l o p e  of an imaginary l i n e  connect ing t h e  two t e r r a i n  

f e a t u r e s  sensed. A means of overcoming t h i s  s i t u a t i o n  

i s  t o  use  another  t e r r a i n  index i n  conjunct ion  with t h e  

s l o p e  index t h a t  would be a p p l i c a b l e  f o r  t h i s  s i t u a t i o n .  

B. Gradient  Index 

A numerical approximation t o  t h e  g r a d i e n t  of a t e r r a i n  

f e a t u r e  i s  made by varying both e and p 
measurements. The formula f o r  t h e  g rad ien t  c a l c u l a t i o n  

f o r  a s e t  of 

is  developed from t h e  magnitude of t h e  g rad ien t  (Ref. 12)  

i n  p o l a r  coord ina te s  where t h e  a l t i t u d e  2 is  descr ibed as 
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a f u n c t i o n  of  p o s i t i o n ,  Z = Z ( D , e ) ,  t o  y i e l d  

The f i r s t  t e r m  i n  ( 3 . 3 )  can be approximated by SI 

i n d i c a t e d  i n  t h e  Appendix, c a l c u l a t e d  a long  t h e  l i n e  of 

c o n s t a n t  azimuth = 8.. The second t e r m  i n  (3 .3 )  can  

be approximated by t h e  c ross -pa th  s l o p e  (Sc ) which i s  

der ived  i n  t h e  Appendix i n  t e r m s  o f  t h r e e  senso r  measure- 

ments acquired a long  a p a i r  o f  a d j a c e n t  azimuth d i r e c t i o n s ,  

e 
t h e  t e r r a i n  f e a t u r e  t h a t  is  perpendicular  t o  t h e  c o n s t a n t  

azimuth p r o f i l e .  The square  r o o t  t e r m  i n  ( 3 . 3 )  may be 

expanded t o  y i e l d  

as 

J 

. _  

and Oj+l. The cross -pa th  s l o p e  (Sc ) i s  t h e  s l o p e  of j 

provided t h a t  SI i s  g r e a t e r  t h a n  S, . An upper bound 

on 1 G 1 i s  found by us ing  only  t h e  f i r s t  two t e r m s  of t h e  

expansion s i n c e  t h e  f i r s t  t e r m  dropped i s  nega t ive  and 

dominates t h e  e r r o r .  

The g r a d i e n t  index compares t h e  c a l c u l a t e d  value of 

G a g a i n s t  t h e  index t e s t  number, T , by checking t h e  I I  g 
v a l i d i t y  of t h e  i n e q u a l i t y  

1 s: + -  - 1 Tg 
2 SI 

( 3 . 5 )  

If Sc is  found t o  be greater than  SI, t h e  square  r o o t  

t e r m  i n  ( 3 . 3 )  is  expanded i n  terms of (S /S  )2 .  The I C  
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g r a d i e n t  index would then  involve t h e  fol lowing comparison 

(3 .6)  

I f  e i t h e r  (3 .5 )  o r ,  i f  app l i cab le ,  ( 3 . 6 )  i s  sa t i s f i ed ,  then  

R 1 a s  given by (3.1), is  taken  as t h e  e s t i m a t e d  range t o  

an o b s t a c l e  a long  t h e  l i n e  whose azimuth i s  8 
j' 

The cross-pa th  s l o p e  (Sc ) i s  ca l cu la t ed  from sensor  

measurements made along t h e  l i n e  e =  0 and along t h e  l i n e  

corresponding t o  e i t h e r  8 = 0. + A f 3  o r  Q =  €3 - A @ ,  If 5 9  

i s  l a r g e  with r e s p e c t  t o  t h e  s l o p e  v a r i a t i o n  of  t h e  t e r -  

r a i n ,  t h e  va lue  of S c  ca l cu la t ed  u s i n g e j  and e j + A 0  

w i l l  d i f f e r  s u b s t a n t i a l l y  from t h e  va lue  ca l cu la t ed  us ing  

8 and 8 - he. Thus, t h e  e f f e c t i v e n e s s  of t h e  g rad ien t  

c a l c u l a t i o n  t o  de tec t  t h e  t r u e  s lope  of t he  t e r r a i n  i s  not  

only a f u n c t i o n  of t h e  s i z e  of A@, but  a l s o  t h e  choice 

of t h e  ad jacen t  azimuth d i r e c t i o n  used f o r  t h e  c a l c u l a t i o n s .  

. _  j 

J j 

j j 

Rela t ive  A l t i t u d e  Index 

A c a l c u l a t i o n  of  t h e  r e l a t i v e  a l t i t u d e ,  2, of a ter-  

r a i n  f e a t u r e  i s  made i n  o rde r  t o  i n d i r e c t l y  i n d i c a t e  t h e  

presence of a s t e e p  s lope .  The r a t i o n a l e  f o r  t h i s  cal- 

c u l a t i o n  i s  t h a t  a s t e e p  s lope  i s  u s u a l l y  a s soc ia t ed  with 

a s i g n i f i c a n t  change i n  t h e  r e l a t i v e  a l t i t u d e .  The 

r e l a t i v e  a l t i t u d e  can be c a l c u l a t e d  from one sensor  

measurement, u s ing  

Z i = PiRi ( 3 . 7 )  
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The abso lu te  value of t h e  r e l a t i v e  a l t i t u d e  i s  com- 

pared with an index tes t  number, Tr , by t e s t i n g  t h e  

fo l lowing  i n e q u a l i t y :  

If (3 .8)  is sat isf ied,  an o b s t a c l e  i s  assumed t o  begin 

a t  t h e  previous range measurement a long t h a t  azimuth 

l i n e .  The va lue  of  Tr should be determined by t h e  type 

of t e r r a i n  t h a t  w i l l  be encountered, u s ing  e i t h e r  t h e  

s t a t i s t i c a l  d i s t r i b u t i o n  of s lope  with Z o r  empi r i ca l  

t es t  d a t a .  

Since t h i s  tes t  uses  an i n d i r e c t  measure t o  f i n d  a 

s t e e p  s lope  it a l s o  should be stated t h a t  i t  could f a i l  ' 

t o  i d e n t i f y  a s t e e p  s l o p e  ( i .e. ,  a s t e e p  s lope  not  

immediately corresponding t o  a s i g n i f i c a n t  change i n  Z) 

as an  o b s t a c l e ,  o r  could l a b e l  f a i r l y  s a f e  but  gen t ly  

r i s i n g  t e r r a i n  as an  obs t ac l e .  

A s i g n i f i c a n t  f e a t u r e  of t h i s  index i s  t h e  s i m p l e  

c a l c u l a t i o n s  requi red  t o  de tec t  a s t e e p  s lope .  Thus, 

t h i s  index should be r e l a t i v e l y  i n s e n s i t i v e  t o  sensor  

measurement- e r r o r s .  It i s  i n t e r e s t i n g  t o  note  t h a t  t h i s  

index d e f i n e s  an  o b s t a c l e  i n  a s i m i l a r  manner as Lim 

(Ref.  2)  f o r  a myopic robot .  

D. Vertic'al Index 

A c a l c u l a t i o n  of t h e  change i n  success ive  va lues  of 

-R i s  made t o  i n d i r e c t l y  i n d i c a t e  t h e  presence of a s t e e p  
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s l o p e  along a t e r r a i n  p r o f i l e .  The v e r t i c a l  index com- 

pa res  t h e  c a l c u l a t e d  change i n  R a g a i n s t  an  index tes t  

number, Tv , and can be w r i t t e n  as 

R2 - R1 L - (3 .9 )  

If (3 .9 )  i s  s a t i s f i e d ,  R1 i s  taken as t h e  est imated range 

t o  an  o b s t a c l e  a long  t h e  l i n e  8 = e.. The r a t i o n a l e  f o r  
J 

t h i s  index is  t h e  fol lowing:  s ince an  inc rease  i n f  from 

t o p 2  i s  a s soc ia t ed  wi th  a change i n  Z ,  a small change 

i n  R would correspond t o  a s t e e p  s lope ,  as ind ica t ed  

i n  F igure  8. 

This  index can be used i n  conjunct ion  with t h e  

r e l a t i v e  a l t i t u d e  index t o  p a r t i a l l y  overcome t h e  l i m i -  

t a t i o n  of t h e  l a t t e r  by d e t e c t i n g  a s t e e p  s lope  t h a t  does 

not  correspond t o  a s i g n i f i c a n t  change of Z. 

chosen t o  be a f ixed  va lue ,  i t  i s  very e f f e c t i v e  i n  

d e t e c t i n g  t h e  presence of a 10 degree s l o p e  ( f o r  example) 

a t  one p a r t i c u l a r  range, say E. However a t  ranges less 

t h a n  t h e  index'  i s  conserva t ive  s i n c e  it cons iders  

s l o p e s  t o  be o b s t a c l e s  t h a t  are less t h a n  10 degrees .  

Likewise,  a t  ranges g r e a t e r  than  F, it f a i l s  t o  d e t e c t  

I f  Tv i s  

a 10 degree s l o p e  as an o b s t a c l e .  This  effect  i s  i l l u s -  

t ra ted i n  Table 1 where t y p i c a l  va lues  of R2 - R 1  are 

given i f  a 10 degree s l o p e  i s  t o  be measured (i.e.,V= .005 

r a d i a n )  a t  var ious  ranges from t h e  veh ic l e .  
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R 2 - R I T  1 'V 

F I G U R E  8. Illustration of the Vertical Index 

L n - -  

F I G U R E  9. Illustration of the Discontinuity Index 
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R (feet) 

TABLE 1 - Change i n  R f o r  Measuring a 100 Slope 

R2 - R l ( f e e t )  

500 
1000 
2000 
3000 
4000 

14.2 
28.4 
56.8 
85.2 

113.6 

I f  t h e  formula f o r  SI i s  solved f o r  t h e  d i f f e r e n c e  

R2 - R1,  t h e  r e s u l t i n g  equat ion  d e s c r i b e s  t h e  v a r i a t i o n  

of t h e  range increments i n  t e r m s  o f  sensor  parameters and 

SI namely, 

(3.10) 

I f  T, were d e f i n e d  a s  t h e  r i g h t  s i d e  of (3.10), t h i s  

index would become j u s t  a res ta tement  of t h e  s lope  index. 

Thus, Tv w i l l  be chosen t o  be f i x e d .  

E.  D i scon t inu i ty  Index 

A c a l c u l a t i o n  of t h e  change i n  success ive  va lues  of 

R i s  made t o  i n d i c a t e  t h e  s i z e  of areas t h a t  are hidden 

from t h e  v e h i c l e  f o r  t h e  obvious reason  t h a t  t h e s e  hidden 

areas may c o n t a i n  t e r r a i n  o b s t a c l e s .  

The d i s c o n t i n u i t y  index compares t h e  ca l cu la t ed  

change i n  R a g a i n s t  an index t e s t  number, Td 

w r i t t e n  as 

, and can be 

R2 - R1 2 Td (3.11) 
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I f  (3.11) i s  sat isf ied,  R 1  i s  taken  as t h e  est imated 

range t o  a p o t e n t i a l  o b s t a c l e  a long  t h e  az imi th  0=0 as 

ind ica t ed  i n  F igure  9. The va lue  of T was obtained by 
d 

empi r i ca l  d a t a  from t h e  sample t e r r a i n .  

J 

There are d i f f i c u l t i e s  i n  a s s ign ing  a va lue  t o  Td 

which i s  used t o  l a b e l  hidden areas as o b s t a c l e s .  

i s  made too  large, t h e r e  would be a high p r o b a b i l i t y  of 

encounter ing an o b s t a c l e  i n  t h e  hidden area. I f  Td i s  

made too  s m a l l ,  r e l a t i v e l y  s a f e  t e r r a i n  would be labe led  

as being an o b s t a c l e .  As an example of t h e  l a t t e r ,  i f  a 

v e h i c l e  sensed a uniform s l o p i n g  t e r r a i n  of 1 degree, 

then,  f o r  Ap = .005 r a d i a n s ,  t h e  d i f f e r e n c e  R2 - R 1  

would be only 100 f e e t  a t  a nominal range of 1100 fee t  

from t h e  v e h i c l e ,  but 1000 feet  a t  a range of 3500 fee t .  

If Td 

IV. TERRAIN MODEL GENERATION 

A t e r r a i n  modeling method i s  def ined t o  be t h e  r e p e t i t i v e  

a p p l i c a t i o n  of c e r t a i n  t e r r a i n  i n d i c e s  a long success ive  azimuth 

d i r e c t i o n s  t o  genera te  a t a b l e  of azimuth values  and ranges t o  

t h e  n e a r e s t  o b s t a c l e .  The fo l lowing  i s  a b r i e f  d e s c r i p t i o n  of 

t h e  o p e r a t i o n  of  a modeling method: a long each azimuth p r o f i l e ,  

t h e  sensor  measurements are t e s t e d  u n t i l  one of t h e  i n d i c e s  

i n d i c a t e s  t h e  probable presence of  an obs t ac l e .  Then t h e  

range (R) t o  t h e  o b s t a c l e  and t h e  corresponding va lue  of a j 
are s t o r e d  i n  a t a b l e  i n  t h e  computer memory. I f  no o b s t a c l e  

i s  found a long  a p a r t i c u l a r  azimuth d i r e c t i o n  (ej), t h e  l a s t  



R measurement and corresponding va lue  of 8 are entered  i n  

t h i s  t a b l e .  
j 

A l t e r n a t e  modeling methods are developed t h a t  d i f f e r  i n  

t h e  type  of computing c a p a b i l i t y  r equ i r ed  and t h e  manner used 

t o  d e f i n e  t e r r a i n  o b s t a c l e s .  The modeling methods formulated 

and tes ted are l i s t e d  below, wi th  t h e i r  a s soc ia t ed  t e r r a i n  

i n d i c e s  : 

Method 1: Discont inui ty  Index 

Vertical Index 

Re la t ive  A l t i t u d e  Index 

Method 2 :  Discont inui ty  Index 

Slope Index 

Method 3 :  Discont inui ty  Index 

Gradient  Index 

The f i rs t  method detects  obs t ac l e s  by i n d i r e c t  means and 

r e q u i r e s  l i t t l e  computing c a p a b i l i t y .  The second method 

e s s e n t i a l l y  uses  t h e  two dimensional t e r r a i n  informat ion  a long  

a n  azimuth p r o f i l e  t o  d e f i n e  an obs tac le ,whi le  Method 3 uses  

t h r e e  dimensional  t e r r a i n  informat ion .  Method 3 r e q u i r e s  

more computing c a p a b i l i t y  than  t h e  o t h e r  methods. 

The ope ra t ion  of  t h e  modeling methods was s imulated us ing  

a WANG 370 S e r i e s  Ca lcu la to r  (a programmable e l e c t r o n i c  desk 

c a l c u l a t o r ) .  Methods 1 and 2 were programmed wi th  108 and 103 

ope ra t ions  ( i . e . , add ,  mul t ip ly ,  change s i g n ,  e tc . ) ,  r e spec t ive ly .  

Due t o  t h e  l imi t ed  program capac i ty ,  Method 3 was performed 

us ing  two s e p a r a t e  programs of  103 and 158 ope ra t ions .  
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Storage  and r e c a l l  of previous senso r  d a t a  w a s  manually per- 

formed f o r  t h i s  method. 

The s imula t ion  of t h e  methods on an e l e c t r o n i c  desk cal- 

c u l a t o r  demonstrated t h e  f e a s i b i l i t y  of u s i n g  these  same 

methods wi th  a s m a l l  onboard computer. The s imula t ion  a l s o  

provided a p r a c t i c a l  means of process ing  l a r g e  amounts of  

sample t e r r a i n  d a t a  t o  t es t  t h e  e f f e c t i v e n e s s  of t h e  methods i n  

modeling a c t u a l  t e r r a i n .  

A. Comparison of T e r r a i n  Modeling Methods 

T e r r a i n  models of t h e  s e l e c t e d  areas descr ibed i n  

Sec t ion  I I A  were cons t ruc ted  us ing  each of t h e  t h r e e  

modeling methods presented above. The modeling methods 

were designed t o  d e t e c t  t h e  passable  t e r r a i n  around t h e  

v e h i c l e  by processing sensor  measurements. Passable  ter- 

r a i n  i s  def ined i n  terms of t h e  d i s t a n c e  t h a t  a v e h i c l e  

can t r a v e l  i n  a given d i r e c t i o n  before  encounter ing a 

t e r r a i n  o b s t a c l e .  I n  t h i s  s tudy ,  t h e  maximum p o s s i b l e  

range w a s  l imi t ed  t o  4000 f e e t ,  and a s lope  i n  excess  of 

10' w a s  considered as an o b s t a c l e .  Sensor measurements 

were acquired i n  increments of .005 r a d i a n  ( . 3  degree) i n  

e l e v a t i o n  angle  ( d p )  and 5' degrees  i n  azimuth angle  (AS) 

t o  form a common b a s i s  t o  compare t h e  i n d i v i d u a l  modeling 

methods. The fo l lowing  index t e s t  numbers were used: Ts - - 

t a n  loo,  Tg = t a n  loo,  Tr = 40 feet ,  T, = 25 fee t ,  and 

Td = 1000 f e e t .  
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The e f f e c t i v e n e s s  of a method t o  model t e r r a i n  w a s  

evaluated by cons ide r ing  t h e  fo l lowing  t h r e e  f a c t o r s  f o r  

each of t h e  t h r e e  areas: 

1. The percentage of t h e  passable  t e r r a i n  de t ec t ed .  

It i s  noted t h a t  t e r r a i n  s lopes  of 100 o r  more 

contained wi th in  a 1' s e c t o r  of t e r r a i n  were 

considered as l o c a l  t e r r a i n  i r r e g u l a r i t i e s  and 

not  as t e r r a i n  o b s t a c l e s .  

2 .  The maximum range e r r o r  computed. A range 

e r r o r  i s  def ined as t h e  d i f f e r e n c e  between t h e  

computed range (R) and t h e  a c t u a l  range t o  t h e  

f i r s t  o b s t a c l e  a long  a t e r r a i n  p r o f i l e .  Only 

a computed R which i s  an overes t imate  of t h e  

range t o  t h e  o b s t a c l e  i s  considered.  

3.  The percentage of t e r r a i n  p r o f i l e s  a long which a 

range e r r o r  w a s  computed. 

The r e s u l t s  of t h e s e  t e s t s  are summarized below. 

Area 1: Method 1 found 39.7% of t h e  passable  ter-  

r a i n .  The passable  t e r r a i n  t h a t  was not  de t ec t ed  was 

t h e  resu l t  o f :  1). passable  t e r r a i n  was hidden from t h e  

v e h i c l e ' s  view, 2). some of  t h e  s i g n i f i c a n t  changes i n  2 

did  not  correspond t o  a t e r r a i n  o b s t a c l e .  Due t o  t h e  

convex shape of  t h e  t e r r a i n  p r o f i l e  a long  two azimuth 

d i r e c t i o n s ,  l a r g e  po r t ions  of  passable  t e r r a i n  w e r e  

hidden from t h e  v e h i c l e  and thus  were considered as 

o b s t a c l e s .  The e x i s t e n c e  of  t h i s  hidden a r e a  also 
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effected t h e  r e s u l t s  obtained with t h e  o t h e r  two 

methods. A range e r r o r  w a s  found along 37% of t h e  t e r r a i n  

p r o f i l e s .  The maximum range e r r o r  w a s  150 feet  which 

occurred f o r  an  a c t u a l  o b s t a c l e  a t  a range of 3250 feet .  

This  range e r r o r  was gene ra l ly  due t o  e i t h e r  a s t e e p  

s l o p e  t h a t  d i d  not  correspond t o  a s i g n i f i c a n t  change i n  

Z (i.e.,  Tr) o r  a change i n  R t h a t  w a s  less than  Tv. 

,Methods 2 and 3 found 61.9% of t h e  passable  t e r r a i n .  

A range e r r o r  was found a long  25% of t h e  t e r r a i n  p r o f i l e s .  

The maximum range e r r o r  was 50 fee t  which occurred f o r  an  

a c t u a l  o b s t a c l e  a t  a range of 3250 fee t .  The range e r r o r s  

were due t o  t h e  va lue  of A not  being s m a l l  enough t o  

d e t e c t  a narrow band (50 f e e t )  of s t e e p  s l o p e  a t  a range 
P 

of 3250 feet .  

Area 2 :  A l l  t h r e e  methods found only 9.2% of t h e  

passable  area. I n  t h i s  s e c t o r ,  r e l a t i v e l y  l a r g e  areas of 

t e r r a i n  near  t h e  assumed v e h i c l e  l o c a t i o n  were hidden 

from view. The d i s c o n t i n u i t y  index w a s  t h e  primary means 

of d e t e c t i n g  o b s t a c l e s  i n  t h i s  reg ion;  No range e r r o r s  

were found i n  t h i s  s e c t o r .  This w a s  p r imar i ly  because 

empi r i ca l  data  w a s  used i n  s e l e c t i n g  t h e  value of Td. 

Area 3: There w a s  a high percentage of passable  

t e r r a i n  de t ec t ed  us ing  a l l  t h e  methods s i n c e  t h e  assumed 

v e h i c l e  l o c a t i o n  o f fe red  a f a i r l y  good view of t h e  ter-  

r a i n  i n  t h e  area. Method 1 found 61.5% of t h e  passable  

t e r r a i n .  The r e l a t i v e  a l t i t u d e  index was e f f e c t i v e  i n  
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d e t e c t i n g  t h e  presence of s t e e p  s lopes  because of  t h e  

high c o r r e l a t i o n  between t h e  change i n  a l t i t u d e  and a 

s t e e p  s lope .  A range e r r o r  was found a long  27% of  t h e  

t e r r a i n  p r o f i l e s .  The maximum range e r r o r  was 90 feet  

.which occurred f o r  an  a c t u a l  o b s t a c l e  a t  a range of 

1110 feet .  The range e r r o r  was due t o  t h e  i n d i r e c t  

means used t o  estimate t h e  presence of a s t e e p  s lope .  

,Method 2 found 80.4% of t h e  passable  t e r r a i n .  A 

range e r r o r  was found a long  45% of t h e  t e r r a i n  p r o f i l e s .  

The maximum range e r r o r  w a s  390 fee t  which occurred f o r  

an  a c t u a l  o b s t a c l e  a t  a range of 1000 f e e t .  The l a r g e  

frequency and s i z e  of range e r r o r s  was due t o  t h e  f a c t  

t h a t  t h e  s l o p e  along many of t h e  t e r r a i n  p r o f i l e s  was 

much less t h a n  t h e  a c t u a l  s l o p e  of t h e  t e r r a i n ,  i . e . ,  

t h e  c ross -pa th  s lope  w a s  s i g n i f i c a n t .  

Method 3 found only 54% of t h e  passable  t e r r a i n .  The 

r e l a t i v e l y  low percentage of passable  t e r r a i n  de t ec t ed  was 

due t o  t h e  "large" s i z e  of a  in r e l a t i o n  t o  t h e  s i z e  

of t h e  s'lope i r r e g u l a r i t i e s  of t h e  t e r r a in .  Both of t h e  

a l t e r n a t i v e  azimuth d i r e c t i o n s  were used i n  t h e  g r a d i e n t  

c a l c u l a t i o n .  The most conserva t ive  estimate f o r  t h e  

range t o  an  o b s t a c l e  w a s  used f o r  t h e  t e r r a i n  model. A 

range e r r o r  w a s  found along only 9% of t h e  t e r r a i n  pro- 

f i l e s .  

f o r  an  a c t u a l  o b s t a c l e  a t  a range of  2800 f e e t .  An 

The maximum range e r r o r  w a s  70 feet  which occurred 
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improvement i n  t h e  range accuracy could be expected i f  a 

smaller increment i n  azimuth were used t o  acqu i r e  sensor  

measurements. 

Even though t h e  e f f e c t i v e n e s s  and a p p l i c a b i l i t y  of 

each method var ied  with t h e  t e r r a i n  modeled, t h e  follow- 

i n g  p r o p e r t i e s  of t h e  modeling methods were observed as 

a r e s u l t  of  t h e  above comparison. 

Method 1 detects  a r e l a t i v e l y  s m a l l  amount of pass- 

a b l e  t e r r a i n  with modest s i z e  range e r r o r s .  The effective- 

ness  of t h i s  method i s  p r imar i ly  l i m i t e d  by t h e  

i n d i r e c t  means used t o  de tec t  t h e  presence of a s t e e p  

s lope .  

Method 2 d e t e c t s  t h e  h ighes t  percentage o f  passable  

terrain but i t  r e s u l t s  i n  r e l a t i v e l y  s i g n i f i c a n t  range 

e r r o r s  i f  t h e r e  i s  a s i g n i f i c a n t  c ross -pa th  s lope  

present .  

Method 3 detects  a modest percentage of t h e  passable  

wi th  t h e  s i z e  of 4 8 used, but  i t  r e s u l t s  i n  t h e  t e r r a i n  

lowest range e r r o r  of any method. The e f f e c t i v e n e s s  of 

t h i s  method should be s i g n i f i c a n t l y  increased  i f  a 

smaller increment i n  azimuth angle  was used. 

B. T e r r a i n  Sensor Measurement Requirements 

The e f f e c t i v e n e s s  of  t h e  t e r r a i n  modeling method 

depends on t h e  c h a r a c t e r i s t i c s  of t h e  t e r r a i n  sensor  

a v a i l a b l e .  A summary i s  given of some of t h e  senso r  

measurement c h a r a c t e r i s t i c s  necessary t o  use t h e  modeling 
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techniques developed. 

1. Range 

A t e r r a i n  sensor  w a s  assumed t o  be a v a i l a b l e  t h a t  

could provide range measurements f o r  d i s t a n c e s  up t o  4000 

feet  from t h e  veh ic l e .  The upper l i m i t  of 4000 feet  w a s  

t aken  as themaximum range a t  which t h e  modeling methods 

could be e f f e c t i v e l y  appl ied  t o  t h e  sample t e r r a i n  s i n c e  

s u f f i c i e n t  t e r r a i n  ( sensor )  information was not a v a i l a b l e  

a t  ranges g r e a t e r  than  4000 feett  as previous ly  i l l u s t r a t e d  

i n  F igure  7 .  There are two explana t ions  why t e r r a i n  

informat ion  i s  more d i f f i c u l t  t o  acqu i r e  a s  l a r g e r  values  

of R are considered F i r s t ,  t e r r a i n  f e a t u r e s  r e l a t i v e l y  

near  t h e  v e h i c l e  tend t o  o b s t r u c t  l i n e - o f - s i g h t  measure- 

ments of t e r r a i n  f e a t u r e s  r e l a t i v e l y  f a r  from t h e  veh ic l e .  

Second, t h e  1/R f a c t o r  i n  t h e  f?' vs .  Z r e l a t i o n s h i p  (2.2) 

t ends  t o  en la rge  t h e  minimum magnitude of Z t h a t  can be 

measured as R i s  increased ,  i . e . ,  f o r  a f ixed  value of . 
I f  t h e  sensor  range measurements (R)are measured with 

P 

some inaccuracy,.  t h e  e f f e c t i v e n e s s  of a modeling method 

w i l l  be reduced corresponding t o  t h e  type of c a l c u l a t i o n s  

t h a t  are made wi th  t h e s e  range measurements. A s  an  

example, t h e  s l o p e  index r e q u i r e s  d i f f e r e n c i n g ,  mul t i -  

p l i c a t i o n  and d i v i s i o n  ope ra t ions ,  while  t h e  r e l a t i v e  

a l t i t u d e  index r e q u i r e s  only t h e  m u l t i p l i c a t i o n  opera t ion .  
/ 

The v a r i a t i o n s  i n  the  c a l c u l a t e d  va lues  of  t h e  in-pa th  
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Nominal Range Calculated Z ( f e e t )  Calculated SI 
(feet)  Low High Low High 

1000 39.6 40.4. 130 .276 
2000 39.8 40.2 .152 .224 
3000 39.9 40 .1  .156 .200 
4000 39.9 40.1 .162 .194 

s l o p e ,  e .g . ,  SI = t a n  loo = .176, and t h e  r e l a t i v e  

a l t i t u d e ,  e . g . ,  2 = 40 feet  f o r  d e v i a t i o n s  of - + 10 feet  

i n  t h e  range measurements are shown i n  Table 2. 

TABLE 2. Effect  of Range Measurement E r ro r s  of - + 10 F e e t  on Calculated Values of Z and 
SI (@= 0 and P2= .01 r a d i a n )  

The maximum e r r o r  i n  e v a l u a t i n g  2 w a s  1% w h i l e  t h e  maxi- 

mum e r r o r  i n  e v a l u a t i n g  SI was 36%. 

Method 1 which inc ludes  t h e  r e l a t i v e  a l t i t u d e  index i s  

Thus, Modeling 

less s e n s i t i v e  t o  range measurement e r r o r s  than  Method 2 ,  

which inc ludes  t h e  s l o p e  index. It i s  noted t h a t  t a n  10' 

and 40 feet  were t h e  va lues  of Ts and T, used i n  t h e  

s imula t ion  of t h e  methods above t o  estimate t h e  presence 

of  an  o b s t a c l e .  

2. E leva t ion  Angle Increment 

The s i z e  of t h e  p increment used i n  acqu i r ing  sensor  

d a t a  d i r e c t l y  a f f e c t e d  t h e  performance of t h e  t e r r a i n  

modeling techniques.  I n  Table 3, t h e  percentage of  t h e  

t o t a l  passable  t e r r a i n  d e t e c t e d  when t h e  r e s u l t s  f o r  

areas 1 ,2 ,  and 3 are combined i s  t abu la t ed  as a func t ion  
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" P  
( rad ians)  

.005 

.010 

.015 

.020 

.025 

.030 

of t h e  incrementA,@ used t o  acqu i r e  sensor  d a t a .  

Method 1 
(% passable  

terra  i n )  

31.7 
32.1 
17.8 

9.8 
8 .2  
7.3 

, 

TABLE 3 .  Percentage of Passable  T e r r a i n  
Detected as a Function of ap 

Increment A@ 
( rad ians)  

.005 

.010 

.015 
020 

.025 
,030 

J 

Average Number of  
Sensor Measurements 

8 .2  
4 .2  
3.0 
2 . 4  
2.0 
1.8 

8 1 

Method 2 
Qo passable  

t e r r a i n )  

44.5 
37.3 
21.0 
11.6 

9 .9  
8.7 

There was a genera l  decrease i n  t h e  percentage of pass- 

a b l e  t e r r a i n  d e t e c t e d  when l a r g e r  increments o f p  were 

used. This  decrease  i n  percentage w a s  r e l a t e d  t o  t h e  

amount of information t h a t  w a s  a v a i l a b l e  t o  t h e  t e r r a i n  

mDdeling method. I n  Table 4 ,  t h e  average number of 

sensor  measurements a v a i l a b l e  was t abu la t ed  as a func t ion  

of t h e  s i z e  of Ap, i . e . ,  f o r  a f ixed  azimuth d i r e c t i o n .  

TABLE 4 .  
. Measurements as a Funct ion of L@ 

Average Frequency of Sensor 
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A 0  Method 1 Method 2 
(degrees) % passable  t e r r a i n  % passable  t e r r a i n  

5 31.7 44.5 
10 21.7 26.7 

It would be poss ib l e  t o  inc rease  t h e  percentage of 

passable  t e r r a i n  d e t e c t e d ,  if t h e  index t e s t  numbers were 

optimized f o r  t h e  va lue  o f A p  used. For example, t h e  

s l o p e  c a l c u l a t i o n  of SI yielded a lower approximation t o  

t h e  t r u e  s l o p e  i f  L\p was large. 

of Ts should be chosen t o  account f o r  t h e  "cruder" s lope  

Thus, a smal le r  value 

approximation. 

3. Azimuth Angle Increment 

The s i z e  of t h e  €J increment used t o  acqu i r e  t h e  

sensor  d a t a  should be r e l a t e d  t o  t h e  genera l  cha rac t e r -  

i s t ics  of t h e  t e r r a i n  t o  be modeled. The increment i n  0 

must be s m a l l  enough t o  de tec t  s i g n i f i c a n t  information 

about major t e r r a i n  f e a t u r e s  t h a t  would be t y p i c a l l y  

encountered. 

I n  gene ra l ,  t h e  e f f e c t i v e n e s s  of  a modeling method 

decreased as t h e  s i z e  of 4 8  w a s  increased .  This t rend 

was observed from t h e  s imula t ion  work when t h e  percentage 

of t o t a l  passable  t e r r a i n  was seen  t o  decrease  as A 0  

was increased ,  refer  t o  Table 5. 

TABLE 5. Percentage of Passable T e r r a i n  Detected as a 
Funct ion of AGJ ("p = .005 r ad ian )  
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V. DISCUSSION 

Three t e r r a i n  modeling methods were developed i n  t h i s  

r e p o r t  f o r  an exp lo ra to ry  v e h i c l e ' s  long range path s e l e c t i o n .  

The modeling method selected f o r  a p a r t i c u l a r  guidance system 

would depend upon t h e  t r a d e - o f f s  made between t h e  modeling 

e f f e c t i v e n e s s  d e s i r e d  and t h e  computer and sensor  c a p a b i l i t i e s  

a v a i l a b l e .  

The performance of t h e  methods was s imulated on a sample 

t e r r a i n .  The modeling methods could be adapted f o r  t e r r a i n  

d i s s i m i l a r  t o  t h e  sample t e r r a i n  by proper choice of t h e  ter-  

r a i n  index tes t  numbers. 

The main r e s t r i c t i o n  on t h e  t e r r a i n  modeling e f f e c t i v e -  

ness  was t h e  l ine-of  - s i g h t  measurement requirement.  If t h e  

e f f e c t i v e n e s s  of a method w a s  not accep tab le ,  p rovis ions  might 

have t o , b e  made t o  supply t h e  veh ic l e  wi th  a d d i t i o n a l  t e r r a i n  

information.  P o s s i b i l i t i e s  would inc lude  a second sensor  

loca t ed  on a v e r t i c a l  ex tens ion  of  t h e  v e h i c l e  which could be 

raised when t h e  v e h i c l e  was stopped o r  perhaps d a t a  s e n t  from 

a sa t e l l i t e  o r b i t i n g  overhead. 

There were s e v e r a l  d i f f i c u l t i e s  i n  i n t e r p r e t i n g  d i s c r e t e  

l i n e - o f - s i g h t  sensor  measurements. For  example, cons ider  t h e  

two sensor  measurements i l l u s t r a t e d  i n  t h e  t e r r a i n  p r o f i l e s  

shown i n  F igures  10A and 10B.  The same sensor  measurements 

can be obtafned from q u i t e  d i f f e r e n t  t e r r a i n  conf igu ra t ions .  

Thus, t h e  modeling method must be designed t o  make good 
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, 

A .  Continuous Slope T e r r a i n  P r o f i l e  

B. Hidden Obstac le  T e r r a i n  P r o f i l e  

FIGURE 10. P o s s i b l e  T e r r a i n  Configurat ions Given 
t h e  Same Two Discrete Sensor Measurements 

FIGURE 11. I l l u s t r a t i o n  of Hidden Passable  T e r r a i n  
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guesses" on t h e  t e r r a i n  conf igu ra t ion ,  and, due t o  t h e  na tu re  11 

of t h e  mission, t h e s e  guesses should be on t h e  conserva t ive  

s i d e .  

A t y p i c a l  s i t u a t i o n  encountered i n  t h e  s imula t ion  work 

was t h e  occurrence of passable  t e r r a i n  which w a s  hidden from 

t h e  view of t h e  v e h i c l e  by a t e r r a i n  conf igu ra t ion  near  t h e  

veh ic l e ' s .  l o c a t i o n .  An example of such t e r r a i n  is  shown i n  

F igure  11. The t e r r a i n  p re sen t s  no a c t u a l  o b s t a c l e  but  t h e  

v e h i c l e  could not  "see" it from t h e  veh ic l e  l o c a t i o n  shown. I f  

t h e  hidden a r e a  was l a r g e  enough so  t h a t  R2 - R 1 2  Td,  then  

t h e  modeling method would des igna te  t h e  a r e a  as an o b s t a c l e  

reg ion .  A p o s s i b l e  means t o  overcome t h i s  s i t u a t i o n  would be 

t o  form a t e r r a i n  model wi th  two types of u n s a t i s f a c t o r y  ter-  

r a i n ,  namely, confirmed o b s t a c l e s ,  obtained by us ing  t h e  s lope  

index,  v e r t i c a l  index, e t c . ,  and p o t e n t i a l  o b s t a c l e s ,  obtained 

by u s i n g  t h e  d i s c o n t i n u i t y  index. Then, i f  t h e  v e h i c l e  could 

not  f i n d  a s u i t a b l e  path from i t s  o r i g i n a l  vantage po in t ,  it 

might move i n  s m a l l  increments towards a p o t e n t i a l  o b s t a c l e  i n  

t h e  hope t h a t  i t  would be a b l e  t o  g e t  t o  a . b e t t e r  vantage p o i n t .  

Even though t h e  modeling techniques presented i n  t h i s  

r e p o r t  were designed f o r  long range t e r r a i n  modeling, i t  would 

seem t h a t  they  could be adapted f o r  s h o r t  range t e r r a i n  model- 

ing.  I f  i t  i s  d e s i r e d  t o  extend t h e s e  techniques f o r  t h i s  

case, c e r t a i n  f a c t o r s  should be considered: 

a. The index t e s t  numbers should be chosen s p e c i f i c a l l y  
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b. 

C .  

f o r  t h e  range of  t e r r a i n  t o  be modeled. 

Add i t iona l  i n d i c e s  may be requi red  t o  account f o r  

obstacles p e c u l i a r  t o  s h o r t  range modeling, e .g . ,  

s i z e  and spac ing  of  v e r t i c a l  o b s t a c l e s .  

Small ang le  approximations t h a t  had been used t o  

s i m p l i f y  t h e  numerical  c a l c u l a t i o n s  may not be v a l i d  

f o r  s h o r t  range modeling, i n  which case a d d i t i o n a l  

computing requirements  would be necessary  t o  e v a l u a t e  

t h e  t r i gonomet r i c  func t ions .  

, 

VI. CONCLUSION 

The problem considered i n  t h i s  r e p o r t  i s  t h e  mathematical  

modeling of major t e r ra in  f e a t u r e s  u s i n g  measurements acquired 

a t  a s i n g l e  t e r r a i n  l o c a t i o n ,  t o  be used i n  a se l f - con ta ined  

s u r f a c e  v e h i c l e  guidance system. The t e r r a i n  modeling problem 

was posed f o r  long-range v e h i c l e  guidance, and was conceived t o  

c o n s i s t  of t h r e e  f u n c t i o n  p a r t s :  t e r r a i n  data a c q u i s i t i o n ,  ter- 

r a i n  d a t a  process ing ,  and t e r r a i n  model gene ra t ion .  

I n  Sec t ion  11, t e r r a i n  senso r  measurements which must pro- 

v i d e  t h e  i n p u t s  t o  any long range t e r r a i n  modeling system were 

s imulated by u s i n g  a sample t e r r a i n .  Basic p r o p e r t i e s  of t h e  

t e r r a i n  senso r  measurements were deduced from t h e  empi r i ca l  

d a t a  compiled from t h e  sample t e r r a i n .  

-. 

I n  S e c t i o n  111, s p e c i f i c  methods of p rocess ing  senso r  

measurements were developed i n  t h e  form of t e r r a i n  i n d i c e s .  

The t e r r a i n  i n d i c e s  would enable  t h e  v e h i c l e  t o  d e t e c t  t h e  
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presence of an o b s t a c l e  t o  t r a v e l  by process ing  t h e  acquired 

sensor  measurements. A number of' i n d i c e s  were developed t o  

provide f l e x i b i l i t y  i n  des igning  a t e r r a i n  modeling system. 

The i n d i c e s  vary i n  t h e  complexity of t h e  c a l c u l a t i o n s  t h a t  

must be performed and t h e  accuracy t h a t  can be expected i n  

d e t e c t i n g  an obs t ac l e .  

I n  S e c t i o n  I V ,  complete t e r r a i n  modeling methods were 

developed us ing  var ious  combinations of t h e  t e r r a i n  i n d i c e s  

descr ibed  i n  t h e  previous s e c t i o n .  These methods were compared 

wi th  r e s p e c t  t o  t h e i r  t e r r a i n  modeling e f f e c t i v e n e s s  and t h e i r  

a s soc ia t ed  computer and sensor  requirements.  

This  i n v e s t i g a t i o n  has provided t h r e e  con t r ibu t ions  i n  t h e  

area of long range veh ic l e  guidance f o r  a n  exp lo ra to ry  su r face  

veh ic l e .  F i r s t ,  i t  has developed methods t o  perform long range 

t e r r a i -n  modeling with only modest computing requirements.  

Second, i t  has developed genera l  t e r r a i n  sens ing  and computer 

requirements necessary t o  perform long range t e r r a i n  modeling 

f o r  a selected sample t e r r a i n .  Third,  i t  has provided gene ra l  

techniques t o  formulate  t e r r a i n  modeling methods f o r  var ied  

t e r r a i n  s i t u a t i o n s .  

Future  work i n  t e r r a i n  modeling could include:  1). t h e  

t e s t i n g  of t h e  modeling methods on o t h e r  r e p r e s e n t a t i v e  ter- 

r a i n s  t o  optimize t h e  performance of t h e  methods, 2 ) .  extend- 

i n g  t h e  techniques developed t o  t h e  problem of s h o r t  range 

t e r r a i n  modeling f o r  su r face  v e h i c l e  guidance. 
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APPENDIX 

Der iva t ion  of t h e  Slope 'Formulas Required 
f o r  t h e  Slope and Gradien t  I n d i c e s  

1. In-Path Slope 

The In-Path Slope (SI) of a t e r r a i n  segment i s  def ined  as 

t h e  l i n e a r  approximation t o  t h e  s l o p e  of a t e r r a i n  segment i n  

t h e  d i r e c t i o n  of  a c o n s t a n t  azimuth t e r r a i n  p r o f i l e , a n d  it  i s  

expressed as t h e  tangent  of t h e  corresponding s l o p e  ang le ,  as 

i n d i c a t e d  i n  F igure  12 .  It can be approximated by d i v i d i n g  t h e  

change i n  a l t i t u d e  by t h e  corresponding change i n  t h e  h o r i z o n t a l  

d i s t a n c e ,  

I f  t h e  a l t i t u d e  Z i s  descr ibed  as a f u n c t i o n  of p o s i t i o n  i n  

p o l a r  c o o r d i n a t e s ,  Z = Z (D, e) with  t h e  v e h i c l e  a t  t h e  o r i g i n ,  

t h e n  SI can  be i n t e r p r e t e d  as t h e  numerical  approximation t o  

t h e  p a r t i a l  d e r i v i t i v e  of Z wi th  r e s p e c t  t o  D,  

Th i s  approximation becomes exac t  i n  t h e  l i m i t  as A D  approaches 

zero .  

The in -pa th  s l o p e  can be w r i t t e n  i n  t e r m s  of two succes- 

s i v e  senso r  measurements acquired a long  a f ixed  azimuth 

d i r e c t i o n .  

range measurements f o r  t h e  e l e v a t i o n  ang le s  and 

The q u a n t i t i e s  R1 and R;! denote  t h e  corresponding 

P2 
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(Constant Az imut 
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I 

Horizontal Distance 

FIGURE 12. Illustration of the SI Calculation 
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(p2 =pl + np). SI can be r e w r i t t e n  i n  terms of t h e  two 
, 

senso r  measurements as 

Since  only s m a l l  va lues  of e l e v a t i o n  ang le  w i l l  be used (see 

Sec t ion  I I C ) ,  t h e  fo l lowing  approximations are 

and cos  ps 1. 

SI becomes 

I n s e r t i n g  t h e s e  approximations 

made: s i n p  5 p  
i n t o  equa t ion  ( A 3 ) ,  

which i s  i n  a form t h a t  may be e a s i l y  implemented on a s m a l l  

computer. 

2. Cross-Path Slope 

The Cross-Path Slope (Sc) of  a t e r r a i n  segment i s  def ined 

as t h e  l i n e a r  approximation t o  t h e  s l o p e  of a t e r r a i n  segment 

i n  a d i r e c t i o n  perpendicular  t o  a cons t an t  azimuth t e r r a i n  

p r o f i l e , a n d  i t  i s  expressed as t h e  tangent  of t h e  correspond- 

i n g  s l o p e  ang le  as i n d i c a t e d  i n  F igu re  13.  It can be approxi-  

mated by d i v i d i n g  t h e  change i n  a l t i t u d e  by t h e  corresponding 

change i n  t h e  h o r i z o n t a l  d i s t a n c e  (arc l e n g t h ) ,  

- A z  
DA 8 sc - 

I f  t h e  a l t i t u d e  Z i s  descr ibed  as a f u n c t i o n  of p o s i t i o n  i n  

p o l a r  coord ina te s ,  Z = Z ( D , 8 )  with  t h e  v e h i c l e  a t  t h e  o r i g i n ,  

t h e n  Sc may be i n t e r p r e t e d  as t h e  numerical  approximation t o  t h e  

p a r t i a l  d e r i v a t i v e  of Z w i th  r e s p e c t  t o  8 div ided  by D,  
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FIGURE 13. Illustration of the Sc Calculation 
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where t h e  approximation becomes exact i n  t h e  l i m i t  as 8 

approaches zero.  

The formula f o r  S may be w r i t t e n  as 
C 

- (z2 - z q  
D2 A 0 sc - (A7 1 

where Z2 and Zik are d iscre te  po in t s  on t h e  t e r r a i n  each a t  a 

d i s t a n c e  D2 from t h e  v e h i c l e .  I f  t h e  poin t  Z2 can be measured 

d i r e c t l y  from sensor  d a t a ,  i . e . ,  Z2 = R2 s i n  p2,  a t  a d i s -  

t ance  D2,  i . e . ,  D2 = R2 cos p 2, then ,  t h e  a l t i t u d e  Zik cannot 

be measured d i r e c t l y  from sensor  measurements s i n c e  only 

and p can be s p e c i f i e d  by t h e  v e h i c l e ' s  t e r r a i n  sensor  (see 

s e c t i o n  I I B ) .  The a l t i t u d e  Z* can be i n d i r e c t l y  measured by 

f i r s t  computing t h e  in-pa th  s l o p e  Sf from two success ive  

sensor  measurements R i ,  p 1, and R ' 2 , P 2  acquired along t h e  

azimuth l i n e  8 = 8 - as. 
approximation i n  t h e  v i c i n i t y  of Zgc, s i n c e  p 2  i s  held f ixed  

t o  acqu i r e  R2 and R t 2  and p 1 equals  p2 - AP. 

S'I can be computed from t h e s e  sensor  measurements u s ing  

S t I  w i l l  be a n  in-path s lope  
j 

The s l o p e  

equat ion  (A3) so  t h a t  
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which may a l s o  be w r i t t e n  i n  terms of Z* as 

Th i s  equat ion  can be solved f o r  Z* i n  t e r m s  of sensor  measure- 

ments. 

i n s e r t e d  i n t o  (A7) and t h e  smal l  angle  approximations f o r  cos 

P are aga in  used, S and s i n  

I f  t h e  ind ica t ed  s u b s t i t u t i o n s  f o r  Z2 ,  Z* and D2 are 

P 
can be w r i t t e n  as 

C 

When e i t h e r  a n  in-pa th  o r  c ross -pa th  s lope  c a l c u l a t i o n  i s  

made, t h e  sensor  measurements needed f o r  t h e  c a l c u l a t i o n  must 

be acquired from t h e  s a m e  t e r r a i n  f e a t u r e  i n  o rde r  t o  o b t a i n  

v a l i d  s l o p e  approximations.  A process ing  system can estimate 

t h e  a p p l i c a b i l i t y  of a s lope  c a l c u l a t i o n  f o r  a given s e t  of 

sensor  measurements by t e s t i n g  t h e  s i z e  of t h e  range d i f f e r -  

encing f a c t o r  (e .g . ,  R2 - R t 2 )  t h a t  i s  requi red  i n  t h e  s lope  

c a l c u l a t i o n .  
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